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Abstract 
The objective of this work is to analyze the link between the room temperature cyclic mechanical behavior and the evolution of 
the microstructure of Sn3.0Ag0.5Cu alloy before and after thermal ageing. Because the microstructure of solder joints may be 
very different from the one in bulk specimens, the study was divided into two parts: the first one studies the bulk alloy and the
second one the same alloy at the solder joint scale. 
In the first part, cyclic tensile tests were carried out on specimens before and after ageing in various conditions. Regarding the 
experimental mechanical responses, two viscoplastic constitutive models were chosen and characterized from these cyclic results
for each ageing condition. 
In the second part, compressive tests on solder balls were achieved. Five diameters between 250μm and 760μm were analyzed, 
representing many kinds of BGA packages. The experimental results have been compared with finite elements simulations using 
the constitutive models and associated parameters coming from the first part. A good agreement is obtained. 
Keywords: Thermal ageing; Low cycle fatigue; Lead free solder material; Solder ball compression; Electronic assemblies  
1. Introduction 
Since the RoHS directive implemented on July 2006, mass market turned towards lead-free solder joints for 
electronic assemblies and most of electronic manufacturers selected SnAgCu alloys. However, the reliability of 
SnAgCu solder joints is still not proven in harsh environments (high temperatures and severe mechanical loadings) 
and long mission profile applications. 
For SnAgCu alloys, former results [1] suggest that high temperature thermal ageing causes a fast and significant 
drop in mechanical properties. Thus, for long-term applications using SnAgCu alloys, the understanding of the 
effect of microstructural and mechanical properties changes on the damaging process is necessary. 
* Corresponding author. Tel.: +33-170-282-392; fax: +33-170-282-500. 
E-mail address: benoit.dompierre@thalesgroup.com 
c© 2010 Published by Elsevier Ltd.
Procedia Engineering 2 (2010) 1477–1486
www.els /locate/procedia
1877-7058 c© 2010 Published by Elsevier Ltd.
doi:10.1016/j.proeng.2010.03.159
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
2 Dompierre et al. / Procedia Engineering 00 (2010) 000–000 
Two parameters are different between bulk specimens and solder joints of an assembled BGA. First, in solder 
balls, the average grain size is 10 times greater than in the studied bulk specimens [2,3]. The behavior at the solder 
joint scale can then significantly differ from that one of bulk specimens with fine microstructure. Secondly, the ratio 
between specimen size and the grain size goes from 1000 in bulk specimens to less than 10 in solder joints: solder 
joints cannot be considered as representative elementary volumes of the material.  
Moreover, for SnAgCu alloys, the room temperature corresponds to 60% of the melting temperature. At this 
temperature, these alloys present a time-dependent behavior. 
The aim of this paper is to analyze the influence of thermal ageing on cyclic mechanical properties of SnAgCu 
and to validate this influence at solder joints scale. 
First, cyclic tensile tests have been carried out on specimens before and after ageing. The influence of some 
parameters (strain rate, strain amplitude, dwell time) has been evaluated. Two viscoplastic constitutive models have 
been characterized from these cyclic results for each ageing condition. 
Then, compressive tests on solder balls were achieved for five diameters ranging between 250μm and 760μm. 
The experimental results have been compared with Finite Elements Analysis (FEA) by using the cyclic constitutive 
models determined in the first part. 
The outline of this paper is the following. Firstly, the tests on bulk alloys are presented in order to evaluate the 
cyclic behavior before and after thermal ageing and to produce data for the models. Secondly, this paper focuses on 
tests on solder balls, presenting the experimental conditions and results and FEA validation of the proposed models. 
2. Mechanical cyclic behavior of SnAgCu bulk alloy 
Cyclic tensile tests were first carried out in order to compare the mechanical behavior before ageing and after 
ageing, so only one ageing condition has been analyzed. The ageing condition has been determined thanks to 
hardness tests and corresponds to the stabilized condition defined thanks to previous results [3]. The expression 
“aged condition” will be used to represent 500h of isothermal ageing at 125°C. 
2.1. Material and specimens 
For electronic products, Sn3.0Ag0.5Cu is the most used composition because it presents a compromise between 
low melting point (near eutectic composition) and price (lower Ag rate). In this study, only Sn3.0Ag0.5Cu 
composition has been addressed. 
The fabrication of the specimens has to ensure a good reproducibility from one specimen to another. Moreover, 
the grain size has to be homogeneous into all the specimens and small enough to consider the specimens as 
representative elementary volumes of the material. For that purpose, it is estimated that 100 equi-axial grains in a 
cross section of a specimen is the minimum value. Polarized light microscopy observations of the solder bars have 
proved that the grain size in these bars was about 10μm which ensures thousands of grains in a cross-section of the 
specimen. So, specimens were extracted from them by high-pressure water cutting. It has been verified that the 
impact of the water cutting on the microstructure is negligible, because this process does not heat the specimen. The 
specimen dimensions and geometry are given in Fig. 1.
Fig. 1. Specimen description 
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2.2. Test conditions 
All tests were carried out at room temperature using a 100kN servo-hydraulic tensile machine. Reversed tensile 
tests were carried out to analyze the changes of the mechanical behavior during the mechanical cycling for various 
strain amplitudes and strain rates. The strain control parameters are presented in Fig. 2. As said in the first part, 
SnAgCu alloys present a time-dependant behavior at room temperature. Thus, effects of strain rate and dwell time 
have to be analyzed. 
Time
S
tr
a
in
5 min
5 min
Reversed tests 
Strain rate 2.10-3 / 2.10-4s-1
Amplitude 0.2%; 0.6%; 1% 
Dwell time 0 or 5 minutes 
Fig. 2. Cyclic tensile test strain control 
2.3. Cyclic mechanical behavior 
Fig. 3 shows the cyclic hardening/softening curves on as-received and aged specimens. As it can be seen in Fig. 3
for as-received specimens, the material shows a short cyclic hardening, followed by a cyclic softening which leads 
to a stabilization or a quasi-stabilization of the stress amplitude. At higher strain amplitude (0.6% not shown here or 
1%), the hardening phase is very short and lasts only the first cycle. Fig. 3 shows no significant difference in cyclic 
hardening/softening curves obtained with or without a dwell time.  
The influence of strain rate (not shown here) is characterized by a decrease of 15 to 25% of the strain amplitude 
for a decrease of one decade of the strain rate. This remark is valuable before and after isothermal ageing. 
For aged specimens, the hardening phase is very short and lasts only the first cycle for all strain amplitudes. After 
200 cycles, the drop in stress amplitude is the same as in as-received specimens (about 20%). Moreover, for each 
strain rate, the saturation stress is 35 to 40% lower in the aged condition than in T0 specimens as seen in Fig. 3.
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Fig. 3. Changes of stress amplitude per cycle - strain rate = 2.10-3s-1 
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2.4. Modeling of the mechanical behavior of SnAgCu 
2.4.1. Viscoplastic models 
In this study, two models have been considered to represent the mechanical behavior of the studied material. 
The first model is a unified viscoplastic model known as the Chaboche model. The second model is a non-unified 
viscoplastic model. Both use the Norton law for the creep behavior and the non linear kinematic hardening model of 
Armstrong-Frederick to describe plasticity [4]. The main difference between both models is the ability of model 2 in 
separating the time dependent plasticity and the time independent plasticity.  
The non linear kinematic hardening model of Armstrong-Frederick conducts to the following definition of X ,
the hardening back stress: 
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The non-unified model (model 2) associates a viscous and a plastic part of the stress tensors as follow: 
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H  is determined by the normality rule and the consistancy relation. 
2.4.2. Comparisons with experiments 
Fig. 4 and Fig. 5 show comparison between experimental data and Chaboche model for two strain rates and two 
strain amplitudes.  
In these figures: 
x The elastic properties are in good agreement with the experience (Fig. 4)
x The beginning of the viscoplastic domain, at the end of elasticity (Fig. 4), is not correctly represented: the rate is 
quite different from experimental results. This phenomenon has been observed for almost all conditions. 
x However, the saturation state of the hardening (Fig. 4) and the stress relaxation rate (Fig. 5) simulated are 
relatively close to the experimental data. 
x The residual stress after dwell time (Fig. 5) is correctly reproduced with both models. 
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Fig. 4. Stress-strain curves at stabilized cycle for specimens before ageing 
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Fig. 5. Relaxation behavior at stabilized cycle for specimens before ageing 
2.4.3. Comparison between models 
For each model, parameters have been calibrated on 3 cyclic test conditions and other test conditions have been 
simulated. Each model was calibrated twice: the first time for no-aged condition, and the second time for aged 
condition. For each condition, relative error between experimental data and simulated data are presented in Table 1.
Both models show very similar results except for the standard deviation where the model 1 is better. So, for that 
reason, Chaboche model has been chosen for further study. 
Table 1: Relative error between experimental data and computed ones 
Model 1 Model 2 
Mean error Standard deviation Mean error Standard deviation 
Before Ageing – 50th cycle 9,29% 2,64% 9,60% 3,24% 
After Ageing – 50th cycle 9,13% 2,22% 8,63% 3,29% 
All conditions – 50th cycle 9,23% 2,38% 9,20% 3,19% 
3. Compression tests on solder balls 
Fatigue tests on bulk solder revealed a drop of about 30% of the stress amplitude between specimens before and 
after ageing. Compression tests on solder balls for different diameters and ageing conditions were carried out to 
verify if these conclusions apply also on solder balls. 
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Compression tests on solder balls were achieved for five diameters ranging between 250μm to 500 for 
Sn3.0Ag0.5Cu and 760μm for Sn4.0Ag0.5Cu. Then, the experimental results have been compared to Finite 
Elements Calculations using Chaboche model identified above. 
3.1. Experimental protocol 
All compressive tests were carried out at room temperature on a 100kN electromechanical tensile machine with a 
2kN load cell and a 50mm diameter compression die as shown in Fig. 6. Solder balls are those used for electronic 
components and their diameters measure between 250 and 760μm, which is 100 times smaller than the compression 
die as shown in Fig. 7. Because of the shape of the specimens, it was impossible to realize a strain rate control but 
only a displacement control. For the same reason, stress curves cannot be presented. 
As a first step, high deformation tests were realized. The final compression of the solder ball was more than 50% 
of the initial diameter. Tests were followed by a dwell time of 60 seconds. Two displacement rates were applied: 
1μm/s and 10μm/s. The aim of these tests is not to represent realistic in-service strains and stresses but only to test 
the ability of the proposed models to simulate more realistic conditions on drastically different specimens (size and 
microstructure) and to determine their limits. 
Some relaxation tests at lower deformation levels (about 10% of the ball diameter) were used to analyze the 
influence of the dwell time in other cases, more representative of real electronic applications. 
Fig. 6. Test set-up 
Fig. 7. Specimens 
3.2. Experimental results 
It has been demonstrated that solder balls contain an average of eight individual grains with various orientations 
[5]. They cannot thus be considered as representative elementary volumes of the material. Because of the anisotropy 
of Sn grains, these various orientations can induce large scattering on results. However, results have shown a good 
reproducibility. Despite the non-negligible experimental noise, compression results of individual balls are comprised 
within a range of +/- 10% of the mean value. Fig. 8 shows the results of compression tests on as-received 500μm 
diameter balls at 10μm/s before ageing. The compressive force is presented as a function of the ball deformation, 
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which is the ratio between real displacement and ball diameter. Tests have been carried out on 18 individual balls. 
All the curves are inside a 10% scattering band. 
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Fig. 8. Evaluation of the scattering on T0 balls. Diameter: 500μm – Rate: 10μm/s 
Fig. 9 shows the influence of the ball size on the compressive behavior. For this purpose, the compressive force 
was divided by the maximum surface of the ball (ʌ.r²) and the displacement was divided by ball diameter in order to 
represent the relative ball deformation. Because of the number of curves, only the mean value is represented for each 
ball size. Fig. 9 does not show any noticeable difference between all the diameters, which means that the same 
behavior constitutive law matches all the tested diameters. In the following, only results on balls with 500μm 
diameter will be presented. 
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Fig. 9. Influence of ball diameter on T0 balls. Rate: 10μm/s  
The influence of the displacement rate can be shown in Fig. 10. The compressive force for 1μm/s displacement 
rate is about 15% lower than the compressive force for 10μm/s displacement rate. This observation is explained by 
the creep behavior of SnAgCu at room temperature and is consistent with the reversed tensile tests presented in the 
first part.  
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Fig. 10. Influence of displacement rate on T0 balls. Diameter: 500μm 
The influence of isothermal ageing can be seen in Fig. 11a. As in Fig. 9, only the mean value is represented for 
each ageing condition. Results are consistent with the reversed tensile tests presented in the first part: 
x The compressive force for aged specimens is lower than for T0 specimens 
x There is no difference in the compressive force after 500h of thermal ageing at 125°C. Either 500h at 125°C is 
the stabilization state, or the decrease of properties after 500h at 125°C is not detectable with these tests. 
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Fig. 11. Influence of isothermal ageing. Diameter: 500μm – Rate: 10μm/s. (a) without dwell time; (b) with dwell time 
Fig. 11b shows the relaxation behavior for T0 and aged specimens. In both cases, about 50% of the maximal 
force is released in less than 60 seconds which is consistent with results on bulk specimens. 
3.3. FEA analysis 
In order to quantify the differences in the behavior of bulk specimens and solder balls, finite elements analysis 
have been used. The numerical model is presented in Fig. 12. The influences of the meshing and of the friction at the 
contact area have been analyzed. The viscoplastic model corresponds to the previous one with the parameters 
calibrated on bulk specimens. Two sets of parameters have been used: for T0 and aged specimens. 
1484 B. Dompierre et al. / Procedia Engineering 2 (2010) 1477–1486
Dompierre et al./ Procedia Engineering 00 (2010) 000–000 9
Mirror symmetry
Axisymmetry
Variable
diameter
Contact with friction
Condition of displacement on this line 
Fig. 12. FEA of solder ball under compression test 
Fig. 13 shows comparison between FEA and experimental data under high deformation conditions. For T0 
specimens, the computed force is overestimated of about 10% but the shape of the curve is alike the shape of the 
experimental curve. For aged specimens, the error between curves is about 10% in the low strains and less than 5% 
in the high strains. However, the strain levels, which are reached during ball compression, have to be compared to 
strain levels used for the calibration of the models: 
x For 5% of relative ball deformation, the strain level is above the one used for calibration of the model for about 
10% of the ball section 
x For 10% of relative ball deformation, the strain level is above the one used for calibration of the model for about 
the half of the ball section 
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Fig. 13. Modeling of compressive test. Diameter: 500μm – Rate: 10μm/s 
4. Conclusions 
This work can be divided in 3 steps: 
x Reversed tensile tests carried out on bulk specimens and identification of two models on the experimental results 
x Compressive tests on solder balls (diameter between 250 and 760μm) 
x Comparison of Finite Element Analysis and compressive tests on solder balls 
Reversed tensile tests demonstrated that effects of the thermal ageing are very noticeable: the stress amplitude is 
about 30% lower between specimens before and after isothermal ageing. They also have highlighted the 
hardening/softening behavior of the studied alloy. 
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Reversed tensile tests have led to the choice of behavior laws for Sn3.0Ag0.5Cu at room temperature, for 
Sn3.0Ag0.5Cu before and after isothermal ageing. The mean error between models and experiments is about 10% 
for strain amplitude ranging from 0.2 to 1% and strain rates ranging between 2.10-4s-1 and 2.10-3s-1.
Compressive tests on 500μm solder ball were carried out on a 100kN electromechanical tensile machine. At this 
scale, the maximum force for a 500μm ball is about 25N and the data acquisition has to be very accurate. These tests 
showed that the scattering between specimens is lower than 10% in a given loading condition. They showed that the 
compressive force could be normalized for all diameters from 250μm to 760μm by dividing with the section of the 
ball, which allowed making tests on balls of only one given diameter. Effects of the displacement rate and of the 
thermal ageing are consistent with results on solder bars. 
FEA on solder balls have demonstrated that the model identified on reversed tensile tests on bulk specimens is 
valid at the solder ball scale, with an error of about 10% between FEA and compressive tests on balls for 
deformation levels less than 50%. 
To conclude, this procedure has led to the development of behavior models for Sn3.0Ag0.5Cu before and after 
ageing. They are valid at room temperature on solder balls for electronic applications. 
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